It is widely accepted that decisions taken during the early phases of building design have a large impact on the actual performance during the life time of the building. The aim of this research is to explore the prospect of developing thermally robust outline design by incorporating sensitivity analysis in the design process. The work has been done by examining the sensitivity of energy performance of school building schemes which are still at an early stage of the building design process. In order to reveal the sensitivity difference towards climatic conditions, the analysis has been performed for four degree day regions of Turkey.
INTRODUCTION
Today, it is accepted by most of the design authorities that achieving sustainable buildings requires a "design-based approach" rather than emphasising technological solutions or prescriptive requirements. Recently, more efforts have been made to make designers conscious of their role in achieving sustainable buildings. The essential point is to make them aware of the impact of their design decisions from the very early phases of design process. However it is obvious that a design solution will always need a quantitative base for testing and evaluation of its performance. The challenging part of this situation is finding ways to test and evaluate a design in order to control its performance from the beginning of the process where very limited information for quantitative testing is accessible. Assessing design decisions during the process, there are various types of design decision support systems available. In the matter of whole building performance assessment, often building performance modelling/simulation tools are highlighted and presented as an alternative of these support systems.
Today many researches have been concluded in the field of integration possibilities of performance tools in the earlier stages of design process [1] [2] [3] . This paper includes one of the researches mainly focused on an attempt to develop a thermally robust outline design concept. It is going to be a backbone of a guideline for designers at the early stages of design while selecting better alternatives towards achieving high performance buildings.
Starting with the hypothesis: 'In case of performance based design, particularly in the decisions made in early design phases, the definition of effective design parameters has an essential role in facilitating design decisions', the framework of the research is to apply sensitivity analysis to the outcomes of simulations carried out with a dynamic simulation program in order to identify the most relevant parameters in building design.
This allows building designers to make informed decisions, without having to revert to modelling and simulation.
The main objective of this research is an attempt to reveal a possible evaluation methodology at the early phases of design. A new methodology has been explored to develop a robust design which composes from a simple list of effective design parameters at early phases of the process. This was done by using sensitivity analysis techniques as an option in evaluating the priority of parameters based on climate necessities. It is aimed to take the advantages of performance-based evaluation method instead of repetitions of current applications and references from past experiences of designers.
The research focuses on the design of high-performance schools in Turkey. There are two main reasons for selecting school buildings in this specific region. Firstly, there is the high energy consumption rate of school buildings in Turkey; a report of the government [4] states that approximately 40% of saving can be achieved in this specific sector through the introduction of energy efficiency measures. However the revisions of standards -stated as energy efficiency measures by government-are mostly applied to new buildings, despite of the fact that Turkey has a huge existing building stock. The other reason is the construction policy of the government. Most school buildings in Turkey are built for the government, which supplies an outline design only. Acquired projects are then realised in any region of the country, without taking into account local
conditions. Yet each building has its unique context due to the site characteristics, leading to the fact that the government school buildings usually fail in energy savings and occupancy comfort [5] .
Besides all, schools are important buildings, as it is in schools that the future generation spends a lot of their time and receives their education. Performance aspects like thermal comfort, CO 2 levels and ventilation, lighting, and acoustics have all been demonstrated to have a direct relation with student learning and well-being. Limiting the scope of this research to the country of Turkey ensures some similarity in the general context in which these buildings are designed, constructed and operated. 
METHODOLOGY
The general methodology of the work includes an extensive literature review to have a general perspective of the current researches in this field. In order to comprehend design process dynamics and design decision activity, two types of interviews were done with practitioners. The first type of interviews was done with design actors located mainly in Europe. 15 interviews with international building services professionals were performed to gain an insight into their experience and knowledge concerning the design process. The aim of these interviews was to get an idea about the professionals practice and wishes about design decision support tools [6] . The later interviews were done with three designers of school buildings in order to investigate their view on ways to improve the design of school buildings. These interviews help to understand the main considerations made by the designers of actual buildings regarding the thermal performance of the building, and the relation of this performance to the 'unique selling points' of the projects. They were also used to ask actual designers about (perceived)
options to improve design decision making in practice [7] .
Comprehending the current situation of school building design and construction processes, a critical review of current school buildings which were constructed by the government carried out to reveal what are the problem domains of these buildings. The critical review was done by the assessment of the performance of two case study schools in Turkey. A fully dynamic thermal simulation was carried out to study the design solutions selected for these schools, and to identify how different design decisions might lead to a better performance. The findings from the critical review and the interviews were used to propose thermally robust school schemes for the four main climate zones of Turkey [8, 9] . It reflects on how findings from sensitivity analysis of thermal building performance simulation can be made to effect on the design process of future building design projects.
Making the thermally robust schemes, a deep study on energy related design decisions to assess the impact of design parameters on building performance by using sensitivity analysis was done. The outcome of this work is a module prototype called modulsco.
(module for school buildings) which is an attempt to develop a thermally robust outline design [10] .
THEORY

Sensitivity Analysis
As a general definition, sensitivity analysis is the study of how the variation in the output of a model can be apportioned, qualitatively or quantitatively, to different sources of variation. In sensitivity analysis, a mathematical model is defined by a series of equations, input factors, parameters, and variables aimed to characterize the process being investigated. Input is subject to many sources of uncertainty including errors of measurement, absence of information and poor or partial understanding of the driving forces and mechanisms. This uncertainty imposes a limit on the confidence in the response or output of the model.
Specifically, sensitivity analysis differs from uncertainty analysis as uncertainty analysis refers to the determination of the uncertainty in analysis results that derives from uncertainty in analysis inputs. Sensitivity analysis however, refers to the determination of the contributions of individual uncertain analysis inputs to the uncertainty in analysis results [11] There are several possible procedures to perform sensitivity analysis (SA). The most common SA is sampling-based. Several sampling strategies are available, including random sampling, importance sampling, and Latin hypercube sampling.
In general, a sampling-based sensitivity is one in which the model is executed repeatedly for combinations of values sampled from the distribution (assumed known) of the input factors. Other methods are based on the decomposition of the variance of the model output and are model independent.
In their reviews on sensitivity analysis in the scientific method, Saltelli et al. [12] emphasized that the works on sensitivity analysis highlight the importance of SA in corroborating or falsifying a model-based analysis. They stated that all sensitivity analyses were performed using a one-factor-at-a time (OAT) approach. This means that each factor is perturbed in turn while keeping all other factors fixed at their nominal value. On the other hand, it should be noted that when the purpose of SA is to assess the relative importance of input factors in the presence of uncertain factors, this approach is only justified if the model is proven to be linear.
There are several examples of the application of sensitivity analysis in building thermal modelling [13] [14] [15] [16] [17] [18] . For sensitivity of energy simulation models, a set of input parameters
and their values are defined and applied to a building model. The simulated energy consumption of the model is used as a base for comparison to determine how much the output (here measured in terms of energy use per year) changes due to particular increments of input values [14] . Consequently the results show which parameters can be classified as "sensitive" or "robust". Sensitive parameters are the parameters that by a change in their value cause effective changes on outputs (in this case energy consumption). Contrarily, change of robust parameters causes negligible changes on outputs.
Previous works done by Hamby [19] , Saltelli [12] and Hansen [20] state that, there are various classifications of sensitivity analysis. The distinction of sensitivity analysis between local sensitivity analysis and global sensitivity is accepted in this study. Based on the list created by Hansen [20] ; local analysis has (1) one at a time approach; (2) less complex; (3) sensitivity ranking is dependent on the reference building and (4) parameters are assumed independent; while global analysis has (1) random sampling;
(2) large degree of complexity; (3) sensitivity ranking is less dependent on reference building and (4) provides information about possible correlations (inter-dependencies) between parameters.
There have been several research projects that listed important parameters categorized based on design phase details. However it should be considered that each project has its own context and hence comes with its own design parameters. Therefore assessment of parameters in this study is limited to a set of the ones which will have a good prospect of importantly influencing building performance. The parameters considered in this study and perturbations used for sensitivity analysis are listed in Table 2 . These are studied as a set of basic parameters that are mainly set during early design phases, and which are highly relevant from an energy consumption point of view.
RESULTS
Result assessment of the work has three main steps; (1) evaluation of the results of local sensitivity analysis, (2) evaluation of the results of global sensitivity analysis, (3) development of a robust outline design based on "robust" parameters.
The Results of Local Sensitivity Analysis
Regarding the total heating and cooling energy consumptions, the most sensitive parameters are those parameters that directly cause a response in terms of heating gains (window ratio and total transmittance value of glazing) and energy conservation (U-values and infiltration rate). It is interesting that zone height and depth, thermal mass and even internal gains can be listed as relatively robust parameters. 
The Results of Global Sensitivity Analysis
As listed in Table 3 , the most important parameters to consider for each degree day region are more or less the same. Considering the long duration of the heating seasons (Table 3 ) the priority list of parameters impacting heating energy is taken as the base for global sensitivity analysis parameter selection. Consequently the list of parameters used in the global analysis is as follows:
 Glazing total transmittance (glz-vt).
 Floor R value (difference in the thickness of insulation material).
 Roof R value (difference in the thickness of insulation material).
 Wall R value (difference in the thickness of insulation material). An exception is made for 1 st DDR where the window/wall ratio has been considered instead of Wall R value.
 Infiltration rate.
The parameters and their maximum and minimum values are listed in Table 4 . These values are similar to the perturbations to the selected parameters across their base case values in the previous one at a time analysis work (Table 2 ). In this work these values were aimed to cause parameter changes large enough to result in a numerically significant change in the simulation outcomes.
In order to generate a sampling matrix, Latin Hypercube Sampling (LHS) is used. LHS performs better than random sampling when the output is dominated by a few components of the input factors. The method ensures that each of these components is represented in a fully stratified manner, no matter which components might turn out to be important [21] . 
Sensitive and Robust Parameters
According to the MCA results, the thermal resistivity of the building envelope is highly sensitive where it comes to energy consumption. Additionally the infiltration rate (ACH)
is another sensitive parameter which is closely related to accurate design and careful construction of the building envelope.
The rest of the parameters scrutinised here remained as relatively robust parameters, with one notable exception: orientation. It is well known that the first rule of designing with climate is to find an optimum orientation based on solar charts. This is confirmed by the results, confirming that orientation always is a sensitive parameter.
Robust outline design for schools in Turkey
The results of global SA reveal the robust parameters which must be considered when developing a robust design scheme. The idea behind a robust outline design is to fix the robust design parameters, while the sensitive ones will remain open to allow for tuning the design to the local context (in this case different DDRs) in which the building is located.
As the envisioned product is an outline scheme, the design should be flexible and easily adaptable to changing conditions. Here a classroom module is proposed which is a boxlike system that includes all required facilities. This classroom module is named "Modulsco". With 8x8 meter dimensions of all axes, Modulsco has a semi-fixed zone depth and height, and thus it provides a 512 m 3 volume. It is easy to adapt the module to various expectations. The details of the Modulsco can be found in Harputlugil, et. al.
[10].
Alternative Design Schemes and Design Scenarios
In order to discuss applicability of Modulsco, a few alternative pre-design schemes were developed and evaluated as to whether it is possible to be thermally robust. In the literature it is usually accepted that the fertile units of school buildings are "classrooms".
Based on the literature classifications [24, 25] in this study, typical three schemes are defined as pre-design school building plans ( Table 5 ). The first scheme is "linear scheme", the second one is "cluster scheme" and the third one is "hybrid-linear scheme". Each scheme has two stories, and each of the two classrooms-one on the top of the other-forms a module (Modulsco). The layers of the enclosure and their thermo physical properties are listed in Table 6 .
The remaining input information about system operation is as follows: each classroom has 30 students and the time schedule of the occupancy is from 8:00 to 16:00 in only weekdays. The illuminance level of each classroom is defined as 500 lumen/m 2 . The control strategy of heating and cooling is based on zone set points. Heating set point and cooling set point are 18°C and 26°C, respectively. The system operation starts at 06:00 and stops at 18:00 in weekdays. All these values are assumptions and constant input data for each of the three schemes. The parameters that have been identified before are variants of the analysis.
In order to evaluate the schemes, it is necessary to define various scenarios, each of which considers different energy efficiency strategies. The sample list of the MonteCarlo method and the energy consumption results of the samples were considered as starting point of the scenarios. The values of the parameters are listed in Table 7 . The characteristic of each scenario is as follows: However, an effective solar control mechanism for windows will help to balance total transmittance level of the glazing.
Figure 1. Total energy consumptions of each scheme based on scenarios (1 st DDR).
Based on cooling energy consumptions only, it is obvious that the lowest consumption is achieved by scenario-1. If only heating energy consumption is considered, then the parameter value group able to reduce the energy consumption is scenario-2 (Fig. 2) .
Regarding the general trend of the regulations which usually consider heating energy consumption (TS 825 is the one), the results show that cooling energy consumption can be much more dominant on energy efficiency strategy. 2 nd Degree day region (Istanbul): The second degree day region has more heating degree days than the 1 st DDR. However, the results show that the lowest total energy consumption can be achieved by scenario-1, which includes the parameter values of the minimum cooling energy consumption (Fig. 3) .
Figure 3. Total energy consumptions of each scheme based on scenarios (2 nd DDR).
The heating energy consumptions of the schemes are illustrated in Fig. 4 . It is also seen here that if only heating energy consumption is considered, scenario 2 will differ from the scenario of total energy consumption (scenario-3). includes the parameter values of the minimum total energy consumption (Fig. 5) . 
Results Based on Schemes and Scenarios
The main focus area of this study is the success of the parameters and their scenarios rather than comparing the schemes. However, energy consumption results listed in Table 8 offer the comparison among them. It should be noted that any of the schemes can be successful if the related scenario is applied. The results also show that a compact form (Cluster scheme) is better for any of the regions as it is not only ideal for reducing heat losses, but also to minimum solar gains for cooling load dominant regions. Besides, the advised scenarios for each degree day region are suggested as benchmark values (scenarios), although TS825 scenario is a base scenario that allows for comparing its results with the others. The threshold value of the TS825 scenario is important, but the considered value of this standard is only heating energy consumption. Thus, only considering heating energy consumption would change the general perspective of all. For instance, in Antalya the scenario which has minimum heat gain capacity of the envelope (window U-value is 2,80 W/m2K) and a glazing design for maximum solar gain possibility, is enough to decrease the heating energy consumption. On the other hand, cooling loads reach peak levels.
CONCLUSION
The prior concepts of architectural design are usually functionality and aesthetics rather than energy efficiency and environmental performance. Therefore, design tools do not designer will be able to test only the options he proposed. However, whether "it is possible to give the options that he has not considered but is better than the one he chose?" is still the subject of many researches. Maybe future developments will give the solutions. Recently, design tools have been particularly useful in allowing the architect to assess and compare the impact of a variety of design parameter changes.
The objective of this research is to formulate these questions of the designers with help from the rules of sensitivity analysis. It is aimed to assess design parameters which are subjected to early design phases and to define the priorities of each parameter in different climatic regions of Turkey. The two main steps of the study are (1) definition of "best practice" list of each degree day region by local sensitivity analysis results and, (2) definition of a thermally robust design regarding "robust" and "sensitive" parameters acquired by global sensitivity analysis. Here a reverse approach has been applied, in which the sensitive parameters are left to tune while robust parameters are fixed, in order to develop a robust design. The alternative design schemes derived from the robust module (Modulsco) were tested based on different scenarios to reveal whether the prediction of the study is accurate (applicable). The evaluation scenarios are also offered as benchmark scenarios of each degree day region.
The importance of the methodology assessed here is to explore a way to develop a guideline for designers who are not specialists but willing to design high performance buildings. By the help of this guideline, designers will have an opportunity to drive their design based on different climatic regions and various building types. The guideline will include the priorities of design parameters which are usually decided at the early phases of design based on climatic regions. Building performance simulation can be a handy tool for providing data to the guideline. If a variety of the schemes tested here is enhanced and applied to various types of buildings, the work proposed here shows the possibility of "Pre-information Guideline of Building Design Prioritized by Energy Performance". One important point should be noted here, namely that each design is unique and has to be assessed in its own context. In this manner, the content of the potential guideline must be flexible enough in order not to prescribe the ways of design but to give valuable information for the results of each alternative.
Finally, it is necessary to highlight two points. One is the development of a thermally robust design concept. It is aimed to be an alternative solution to bridge the gap between designers and building simulation experts, which has become evident in the last decade. The other is demonstrating how building simulation can contribute to the pre-design of better (school) buildings.
